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CONVERSION  FACTORS.  BRITISH  TO  ME: 


British  units  cf  teasuretent  used  in  this 
units  as  follows : 


Mult iply 

-y 

inches 

2:54- 

feet 

0.30^8 

tiles  (U.  S.  statute) 

1.609344 

pounds 

0.453592: 

short  tens  (2000  lb) 

•4 

007.165 

pounds  per  square  inch 

f 

0.070307 

feet  per  second  0.3048 

.tiles  per  hour  1.609344 
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SUMMARY 

Sixty-six  acceleration-  ieceleration  tests  were  conducted  with  three 
wheele  !  an  :  two  tracxed  vehicles  at  Rive  sites  in  Thailand.  The  piincipal 
conclusion  from  these  tests  was  that  vehicle  acceleration  in  soft  clay 
soils  can  be  correlated  with  soil  strength  expressed  as  the  average  C-  to 
*'-in.  cone  index.  The  analysis  indicated  that  acceleration  increased  with 
an  increase  in  soil  strength,  but  no  definitive  correlation  could  be  estab- 
lishe  Semiempirical  and  empirical  relations  were  used  in  a  first- 
generation  analytical  model  to  predict  average  speed  over  the  test  courses. 
Comparisons  of  measured  and  predicted  speeds  led  to  recommendations  for 
specific  additional  studies  to  improve  the  reliability  of  the  WES  analyti¬ 
cal  model. 


AN  ANALYTICAL  MODEL  FOR  PREDICTING 
CROSS-COUNTRY  VEHICLE  PERFORMANCE 


APPENDIX  F:  SOIL- VEHICLE  RELATIONS  ON 
SOFT  CLAY  SOILS  (SURFACE  COMPOSITION) 

PART  I:  INTRODUCTION 

Background  _  - 

1.  The  main  text  of  this  report  describes  the  development  of  an  ana¬ 
lytical  model  for  predicting  the  cross-country  performance  of  a  vehicle. 

The  model  was  based  on  an  energy  concept  within  the  framework  of  classical 
mechanics  that  requires  cause-and-effect  relations  be  established  oetwgen 
discrete  terrain  factors  and  vehicle  response.  The  terrain  factors  con¬ 
sidered  in  the  analytical  model  are  (a)  surface  geometry,  (b)  surface  com¬ 
position,  (c)  vegetation,  and  (d)  hydrologic  geometry.  This  appendix  deals 
with  limited  aspects  of  the  surface  composition  factor--the  effects  of  soil 
strength  on  the  acceleration  and  deceleration  of  the  vehicle. 

2.  Previous  and  concurrent  studies  in  the  field  and  laboratory  have 
yielded  empirical  and  semiempirical  correlations  of  soil  strength  and  ve¬ 
hicle  performance  in  terms  cf  minimum  strength  negotiable,  motion  resist¬ 
ance,  and  drawbar  pull.  A  method  of  predicting  vehicle  performance  while 
accelerating  and  decelerating  has  been  presented  in  a  recent  report;1  how¬ 
ever,  no  actual  vehicle  performance  tests  were  included  in  that  study. 

* 

A 

Purpose  and  Scope  ® 

3.  This  appendix  describes  acceleration-deceleration  tests  con¬ 
ducted  by  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  in 
Thailand  during  the  period  12-30  October  1965.  The  general  purpose  of 
these  tests  was  to  obtain  data  relating  characteristics  of  soft  clay  soil 
to  vehicle  performance  in  terms  suitable  for^use  in  developing  that  portion 
of  the  analytical  model  for  predicting  cross-country  performance.  The  spe¬ 
cific  purpose  was  to  determine  if  vehicle  performance  in  terms  of 


FI 


acceleration  and  deceleration  could  be  related  to  soil  strength.  An  addi¬ 
tional  purpose  of  this  report  was  to  compare  the  average  speeds  predicted 
by  the  WES  analytical  model  using  both  empirical  and  semiempirical  corre¬ 
lations  of  soil  strength  and  vehicle  performance  with  the  average  speeds 

measured  in  field  tests.  - 

4.  Sixty- six  tests  were  conducted  with  three  wheeled  and  two  tracked 

vehicles  at  five  sites  in  Thailand.  Surface  composition  of  all  sites  in 

terms  of  the  Unified  Soil  Classification  System  (USCS)  was  a  fat  clay  (CH); 

the  average  soil  strengths  in  the  0-  to  6-in.*  layer  ranged  from  l6  to  71 

cone  index. 
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-  A  table  of  factors  for  converting  British  units  of  measurement  to  metric 
units  is  ^presented  on  page  ix. 
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PART  II:  TEST  PROGRAM 


conducted  at  three  general  loca^ 
and  Sanut  Prakan  (ffg.  ‘FI). 

:e  .the  tests  were  conducted  are 


5.  The  tests  reported  herein  were 
Jtions  in  Thailand:  Pran  3uri,  Phet  'Buri, 
Descriptions  of  the  test  sites  at  the  tir. 
given  in  the  following  paragraphs. 


Vicinity  map;  Samut  Prakan,  Phet'  Buri 
and  Pran  Buri  test  sites 


/  / 


Fig.  F2.  Location  of 
Pran  Buri  test  site 


Pran  3uri 

6.  "1est  site  4V-S-3  vas  located  about  l4  miles  south  of  Pran  Buri 
near  the  village  of  Na  Wan  Priang  (fig.  F2)  in  a  grass-covered,  low-lying 
area  dissected  by  drainage  canals.  The  site  was  approximately  300  ft 
long  and  200  ft  wide  and  very  nearly  level  (less  than  0.5  percent  slope). 
As  stated  previously,  ?he  sell  at  the  site  (and  also  at  the  four  other 
test  sites)  vas  classified  as  CH  according  to  the  USCS.  The  average  cone 
index  of  the  0-  to  6-in.  layer  ranged  from  54  to  71.  The  site  was  free 
of  surface  irregularities  (fig.  F3a). 


Phet  Burl 

7.  Test  site  MHDC-X10  was  located  about  11  miles  southeast  of  Phet 
Buri  (fig.  F4 )  in  a  low-lying  area  containing  no  vegetation.  The  site 
was  approximately  300  ft  long  and  200  ft  wide  and  very  nearly  level  ( less 
than  0.5  percent  slope).  The  average  cone  index  of  the  0-  to  6-in.  layer 
ranged  from  hi  jbo  64.  The  site  was  free  of  surface  irregularites. 


Fig.  F4.  Location  of  Phet  Buri  test  site 


Samut  Prakan 


8.  Three  test  sites  were  located  in  the  Samut  Prakan  test  area 
(fig.  F5).  Test  site  MRDC-Xg  was  about  6  miles  southeast  of  Samut  Prakan; 
test  sites  MRDC-X^  and  MRDC-Xg  were  near  the  village  of  Tambon  Khlong  Dan. 
All  were  in  low-lying  areas  containing  no  vegetation.  Each  was  approxi¬ 
mately  300  ft  long  and  100  ft  wide.  They  were  oriented  so  that  the  slope 
of  each  test  lane  was  less  than  1.0  percent.  At  the  time  of  testing,  site 
MRDC-Xg  was  covered  with  3  to  6  in.  of  water,  site  MRDC-Xg  with  4  to  8  in. 
of  water  (fig.  F3b),  and  site  MRDC-X^  was  very  wet  but  nearly  free  of  sur¬ 
face  water.  The  average  cone  index  of  the  0-  to  6-in.  layer  ranged  from 
29  to  1+3  at  site  MRDC-Xg,  from  27  to  1+2  at  site  MRDC-X^,  and  from  l6  to  20 
at  site  MRDC-Xg.  The  small-scale  surface  irregularities  that  were  present 
at  all  the  sites  in  the  Samut  Prakan  area  were  judged  insignificant  from 
the  standpoint  of  vehicle  performance  (fig.  F3c). 


Fig.  F5.  Location  of  Samut  Prakan  test  sites 
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b.  M37  3/4-ton  cargo  truck 


on  utility  truck 


■135A1  2-l/2-ton 
z&rgo  truck 


y29C  amphibious  cargo  came 


1  r 

•> 


characteristics  of  the  vehicles  are  given  in  table  FI. 

•  "  M 

10.  All  test  vehicles  were  equipped  with  faiply  elaborate  measuring 

t-- 

and  recording  systems.  This  instrumentation  is  discussed  in  detail  m 
reference  2. 


Tests  Conducted 


ll.  The  acceleration-deceleration  tests  conducted  ir.  this  study  were 
considered  as  being  of  two  types  on  the  basis  of  the  r.uuner  in  which  the 
deceleration  in  each  test  was  accomplished.  When  the  vehicle  was  brought 
to  a  stop  by  free-rolling,  i.e.  with  the  clutch  disengaged,  the  test  was 
considered  to  be  anapcele ration-rolling  test  (  identified  by  the  letter  R 
followiijg^the  test  mSr.ber);  when  the  vehicle  was  brought  tc  a  step  by  ap¬ 
plication  of  the  brakes,  the  test  was  considered  to  be  an  acceleration-, 
braking  test  (identified  by  the  letter  B  following  the  test  number). 

Tests  employing  both  methods  of  deceleration  were  conducted  with  each  ve¬ 
hicle,  although  not  at  each  site.  The  following  tabulation  shews  the 
number  and  type  of  tests  conducted  with  each  vehicle  at  each  test  site. 
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Vehicle  and  Type  of  Test 


Total 


M151 

M3  7 

M35A1 

M29C 

m3 

Test  Site 

R_ 

B 

R_  3 

R 

B 

R_ 

3 

R  3 

R_  3_ 

Uv-S-3 

2 

1 

3  '2 

3 

’  2 

A 

d 

T 

A. 

3  2 

13  6 

MRDC-X^ 

3 

2 

3 

3 

2 

2 

2 

1 

d 

0 

12 

8 

MRDC-J0-, 

d 

3 

2 

3  o 

2 

0 

0 

0 

0 

0 

6  2 

MRDC-X^ 

3 

2 

2  0 

0 

0 

7 

2 

0 

N0 

L 

MKDC-X^ 

0 

0 

0 

0 

0 

0 

3 

0 

0 

r\ 

‘J 

3 

0 

Total 

li 

7 

ir\ 

H 

7 

h 

10 

u 

5  2 

hh  22 

Test  Procedures  and  Performance  Data  Obtained 


12.  The*. vehicle  was  positioned  at  the  beginning  of  the  300-ft-long 
test  lane  and  the  driver  was  instructed  to  accelerate  the  vehicle  as 

t  / 

quickly  as  possible  to  a  point  that  would  allow  ample  rccmj'fcr  deceleratic: 
without  overrunning  the  test  course,  and  then  tc  disengage!  the  clutch  (in 
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the  acceleration-rolling  tests)  and  allow  the  vehicle  to  roll  to  a  stop  or 
to  apply  the  brakes  (in  the  acceleration-braking  tests)  and  bring  the  ve¬ 
hicle  to  a  stop.  The  wheeled  vehicles  and  the  M2^C,  all  having  manual 

r 

transmissions,  were  usually  started  in  second  gear,  low  range,  and  shifted 
to  third  gear,  low  range.  The  M113,  the  only  vehicle  with  automatic  trans¬ 
mission  in  the  test  program,  was  operated  in  gear  range  3-^  in  six  tests 
and  in  gear  range  1-2  in  one  test.  Poles  were  placed  at  50* ft  intervals 
along  the  edge  of  the  test  lane  to  serve  as  reference  points  and  to  assist 
the  driver  in  following  a  straight-line  course  vfig.  F7).  Since  it  was 


Fig.  F7.  Site  MRDC-Xio.  Poles  at  edge  of  test  lane 
assisted  driver  in  following  course  and  served  as 
reference  points 

believed  that  variation  in  driving  ability,  for  instance  in  the  time  re¬ 
quired  to  effect  a  gear  change,  might  affect  the  test  results,  the  same 
driver  was  used  throughout  the  test  program. 

13.  By  means  of  electronic  instrumentation  installed  on  the  test 

*  *  r 

vehicles,  continuous  measurements  of  time,  distance  traveled,  drive-shaft 
revolutions,  and  wheel  or  track  rotational  speed  were  made  and  recorded 
on  oscillograms.  In  addition,  for  some  tests  drive-line  torque  and  longi¬ 
tudinal  acceleration  were  measured  and  recorded.  A  surveyor's  chain  was 
used  to  validate  total  distance  traveled  and  a  stopwatch  was  used  to  obtain 
a  check  on  total  time.  Appropriate  data  from  the  tests  are  summarized  in 
table  ?2.  Voluminous  data  were  obtained  in  reducing  the  oscillograms  to  a 
more  convenient-to-use  form.  For  example,  distance  traveled,  vehicle 


speed,  wheel  or  track  speed,  percent  wheel  or  track  slip,  and  average 


acceleration  or  deceleration  of  the  vehicle  were  determined  and  tabulated 
for  each  second  of  each  test.  In  the  interests  of  economy,  these  data  are 
not  reproduced  in  this  appendix  but  are  filed  at  WES  for  future  reference. 


Soil  Data  Obtained 


Soil  samples 

lk.  Samples  for  classification  cf  the  soil  according  to  the.USCS 
were  obtained  from  the  0-  to  6-in.  and  6-  to  12-in.  soil'  layers  from  each 
test  site.  A  summary  of  the  laboratory  data  is  included  in  table  F3. 
Grain-size  distribution  curves  are  shewn  in  figs.  F8  and  F9* 

Cone  index 

15.  Cone  indexes  were  measured  at  the  surface  and  at  depths  of  1,  2, 
3,  4,  5,  6,  9,  and  12  in.  at  6- ft  intervals  along  each  side,  of  the  test 
lane  prior  to  testing.  In  some  tests,  the  vehicle  straddled  ^ne  of  the 
ruts  of  a  preceding  test  and  the  previously  collected  soil  data*Vere 
deemed  adequate.  Following  each  test,  the  portion  of  the  lane  in  which 
the  vehicle  was  accelerating  and  the  portion  in  which  the  vehicle  was  de¬ 
celerating  were  determined.  A  summary  of  the  cone  index  data  is  given  in 
table  F4 . 

I 

Other  Data  Obtained 

16.  Other  data  obtained  included  photographs,  miscellaneous  measure¬ 
ments,  notes,  and  observations.  Data  not  included  in  this  appendix  are 

filed  at  WES  for  future  reference. 
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8.  Grain* size  distribution  of  s< 
(4V-S-3)  and  Phet  Buri  (MRDC-X^q 


MRDC-X 


MRDC-X 


MRDC-X 


Grain-size  distribution  of  soils  at  Sacrut 
test  sites 
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■  'PART  III:  ANALYSIS  OF  DATA 

17.  The  data1  collected  in  this  test  program  were  analyzed  to  det€  -- 
mine  if  acceleration  and  deceleration  of  vehicles  could  be  related  to  soil 
strength  and  to  evaluate  the  accuracy  of  current  prediction  techniques  for 

.  “  O  .  f 

vehicles  accelerating  and  decelerating  over  short  distances. 

Basis  of  Analysis 

18.  Acceleration  is,  by  definition,  the  time  rate  of  change  of  ve¬ 
locity.  Mathematically ,  this  may  be  expressed  by  the  equation 


v* 


V 


=  a 


(1)' 


where 


V,  >  V 


•  <<v  <  . 

=  speed  at  the  beginning  and  end,  respectively, 


cf  an  increment  of  tine,  fps 

,  t 

t  =  time  .increment,  sec 

\  "  '  2  * 

a  =  acceleration,  ft/sec 

When  the  speed  at  the  end  of  the  increment  (Vj  is  less  than  the  speed  at 
the  beginning  of  the  increment  (V^,  the  acceleration  is  negative  and  is 
termed  deceleratiah  (-a).  Equation  1  in  various  forms  is  used  throughout 
the  analysis;  other  special  considerations  and  equations  peculiar  to  a 
particular  part  of  the  analysis  are  discussed  as  they  are  introduced. 

%  ’  -  11 

Acceleration  Relations 
% 

l9t  The  acceleration  a  given  vehicle  can  achieve  depends 'on  that 
vehicle’s  characteristics  (weight,  engine  performance,  transmission  effi¬ 
ciency,  etc.),  the  skill  of  the  driver  (in  steering,  feeding  fuel  to  the 
engine’,  shifting  gekrs,  etc.),  and  the  condii&qp  of  the  surface  on  which 
the  vehicle  operates.  In  these,  tests,  changes  in  the  characteristics  of  a 
given  vehicle  that  occurred  between  tests  or  within  a  test  were  nox,  con¬ 
sidered  to  be  significant,  and  driver  effects  were  minimized  (but  not 
eliminated)  by  using  the  same  driver  in  all  tests.  Thus,  even  though  the 
tests  lacked  consistency  (distance  or  time  in  which  acceleration  occurred 
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not  the  sane  in  all  tests)  and  no  attempt  was  made  to  attain  a  maximum 
velocity  because  of  the  prohibitive  length  of  the  test  course  that  would 
have  been  required,  it  was  felt  that  some  quantitative  estimate  of  the 
effect  of  soil  strength  on  acceleration  could  be  made.  Fig.  F10  shows  the 


speed-time  curve  for  a  typical  test.  It  is  to  be  noted  that  acceleration 
(slope  of  the  curve)  was  constantly  changing;  dashed  portions  of 'the'  curve 
represent  the  abrupt  change  when  the  gears  were  shifted.  Several  plots  of 
acceleration  and/or  velocity  versus  soil  strength  were  made  as  follows: 

Soil  Strength _ 


Parameter 


Maximum  acceleration  (usually  occurred  Average  0-  to  6-in.  index  of 


during  first  1-sec  time  increment  of 
test) 


the  corresponding  portion  of  the 
test  lane 


Average  acceleration  until  time  clutch  ^erage  0-  to  6-in.  cone  index  of 
°  -  the  corresponding  portion  of  the 

test  lane 


•  ' —  — u 

was  disengaged 


Average  acceleration  during  first 
5  sec 

\ 

Average  velocity  for  first  100  ft 


Average  0-  to  6-in.  cone  index  of 
the  corresponding  portion  of  the 
test  lane 

Average  0-  to  6- in.  cone  index  of 
the  corresponding  portion  of  the 
test  lane__ _ _  \ 
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20.  All  these  plots  showed  a  fairly  general  effect  of  cone  index  on 
acceleration.  The  plots  that  appeared  nost  informative  were  those  of  maxi¬ 
mum  acceleration  versus  the  average  0-  to  6-in.  cone  index  for  that  portion 
^ the  test  lane  where  the  maximum  acceleration  occurred.  These  plots  are 
discussed  in  the  following  paragraphs. 

'.vheele  i  veh icier 

21.  Plots  of  maximum  acceleration  versus  the  average  0-  to  6-in. 
cone  index  are  shown  in  plate  FI.  Results  from  tests  conducted  on  bare 
surfaces  are  indicated  by  open  symbols;  results  from  tests  on  grass- 

covered  surfaces  are  indicated  by  closed  symbols.  While  the  limited  range' 

■  *’  1 

of  strengths  in  each  surface-cover  group  and  the  obvious  scatter  of  data 
for  Ml 51  tests  (fig.  a,  plate  Fl)  seem  tc  preclude  drawing  a  definitive 
curve  through  the  data  points,  some  trends  are  evident.  The  increase  in 
acceleration  with  an  increase  in  soil  strength  for  the  J-37  and  I-35A1  tests 
(figs,  b  and  c,  plate  Fl)  is  impressive,  and  it  may  be  noted,  especially 
in  fig.  b,  that  the  closed  symbols  appear  as  a  logical  extension  of  the 
open  symbols,  suggesting  to  some  extent  that  the  soil  strength  has  a 
greater  influence  upon  acceleration  than  aces  the  surface  cover. 

Tracked  vehicles 

f 

22.  Plots  of  maximum  acceleration  versus  the  average  0-  to  6-in. 
cone  index  are  shewn  in  plate  F2  for  the  two  tracked  vehicles.  Again, 
while  no  curves  are  presented,  it  may  be  seen  that  there  is  a  trend  toward 
an  increase  in  acceleration  with  an  increase  in  soil  strength. 
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Deceleration  Relations 


23.  The  deceleration  of  a  vehicle  depends  upon  that  vehicle's  char¬ 
acteristics  (weight,  traction  element  contact  area,  internal  resistance 
when"  rolling,  and  how  quickly  the  wheels  or  tracks  can  be  locked  when  ad¬ 
vantageous  for  braking),  the  skill  of  the  driver  (in  steering,  application 
of  brakes,  etc.),  and  the  condition  of  the  surface  on  which  the  vehicle 
operates.  In  the  rolling  tests,  changes  in  the  characteristics  of  a  given 
vehicle  between  tests  were  not  considered  tc  be  significant,  and  the  driver 
effects  were  minimized  (but  not  eliminated)  by  using  the  same  driver  in  all 


A 
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tests.  In  the  braking  tests  changes  in  the  vehicle's  characteristics  were 
deemed  significant.  For  example,  it  was  not  always  possible  to  lock  the 
brakes,  particularly  when  the  brake  drums  became  wet  (fig.  Fll).  Addition¬ 
ally,  during  the  braking  tests, at  some  of  the  grass-covered  sites,  the 
grass  sheared  irregularly  (fig.  F12).  It  is  believed  that  these  factors 
were,  in  part,  responsible  for  the  highly  variable  results  of  the  braking 
tests.  Since  an  investigation  of  these  factors  was  net  within  the  scope 
of  this  program,  only  the  tests  in  which  deceleration  was  accomplished  by 
disengaging  the  power  train  and  allowing  the  vehicle  to  roll  freely  to  a 
stop  are  considered  in  this  part  of  the  analysis. 

24.  For  most  of  the  tests  considered,  the  deceleration  for  each 
1-sec  time  interval  from  the  time  the  power  train  was  disengaged  until  the 
vehicle  stopped  rolling  was  fairly  constant  (see  fig.  F10).  In  a  few  cases 
(one  M151  test,  six  M37  tests,  and  one  M113  test)  malfunction  of  the  dis¬ 
tance  play-out  line  prevented  a  second-by- second  determination  for  the  en¬ 
tire  period  of  deceleration:  therefore,  the  value  of  deceleration  expressed 
as  -a/g  given  in  table  F2  was  determined  over  less  than  the  full  period 
of  deceleration. 

Wheeled  vehicles 

25.  Plots  of  average  deceleration  versus  the  average  0-  to  6- in. 
cone  index  are  shown  in  plate  F3  for  the  three  wheeled  vehicles  tested. 

S 

The  curves  drawn  in  figs,  a,  b,  and  c,  plate  F3»  represent  the  lines  of 
visual  best  fit.  The  minimum  soil  strength  required  for  one  pass  (VCL^ 
is  shown  for  each  vehicle.  It  was  computed  by  a  semiempirical  method  now 
being  developed  at  WES.*  It  may  be  noted  that  the  deceleration  for  the 
M151  is  higher  than  that  for  the  other  two  vehicles  at  approximately  the 
same  soil  strength.  This  may  be  explained  in  part  by  realizing  that  decel¬ 
eration  represents  the  result  of  all  forces  resisting  motion  of  the  vehicle, 
including  the  surface  condition,  and  it  would  be  expected  that  water  or  a 


*  Work  in  progress  and  curves  relating  a  computed  mobility  index  tc  the 
vehicle  cone  index  required  for  one  pass  and  fifty  passes  of  a  vehicle  on 
level  soil  are  described  in  "Quarterly  Progress  Report  on  Waterways  Ex¬ 
periment  Station  Research  and  Development  Projects"  for  the  first 
quarter  of  19^9* 

/' 
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Fig.  Fll.  Splashing  water  wet  the  brakes  at  site  1 

MRDC-Xg 


1 

1 

1 

] 

/ 

» 

•1 

i 

> 

1 

■ , 

4, 

%  i 

V 

X 

*  1 
1 
1 

1 

*  . 

>  •  •>  i  ’ 

^ ; ,  'X  - 

TO..*  .  1  A _ X  ■ _ _ 

.«s 

.}y  1 
_ - _ y  ^ 

1 

• 

• 

Fig.  F12. 

Note  grass  shear  during  deceleration  by 

1 

1 

braking  at  site  hV-S-3 

Fi8 


i) 


slushy  surface  condition  (such  as  that  encountered  in  these  tests)  would 
have  a  greater  retarding  effect,  percentagewise,  on  the  smaller  and  lighter 
M151  than  on  the  heavier  and  larger  VQ7  and  J05A1.  For  this  reason,  in 
fig.  d,  plate  F3  (where  the  deceleration  values  for  all  three  wheeled  ve¬ 
hicles  were  plotted  against  soil  strength  expressed  as  cone  index  points 
above  VCI^  to  establish  a  single  relation),  the  location  of  the  curve  was 
influenced  to  a  greater  extent  by  the  K37  and  M35A1  data  points  than  by 
the  Ml^l  data  points.  The  location  and  curvature  of  the  line  in  fig.  d  are 
admittedly  arbitrary  and  somewhat  provisory.  The  extrapolation  as  indi¬ 
cated  by  the  dashed  line  is  based  on  results  of  other  studies  in  the  field 
and  laboratory  that  indicate  that  the  towed  force-soil  strength  relation 
becomes  asymptotic  at  a  force/weight  ratio  of  approximately  0.30.  Data 
in  this  region  are  extremely  scarce,  and  it  is  emphasized  that  the  relation 
expressed  by  the  curve  in  fig.  d,  plate  F3,  may  be  changed  when  additional 
data  become  available.  Nevertheless,  the  cur/e  in  fig.  d  does  define  a  re¬ 
lation  between  deceleration  and  soil  strength  that  appears  reasonable. 
Tracked  vehicles 

26.  Plots  of  deceleration  versus  soil  strength  expressed  as  the 
average  0-  to  6-in.  cone  index  are  shown  in  figs,  a  and  b,  plate  F4,  for 
the  M29C  and  the  M113,  respectively.  The  summary  plot  (fig.  c)  indicates 
that  the  data  correlate  quite  well  when  soil  strength  is  expressed  as  cone 
index  points  above  VCI^  The  curves  drawn  through  the  data  points  repre¬ 
sent  lines  of  visual  best  fit.  The  extrapolation  of  the  curve  on  the  sum¬ 
mary  plot  follows  the  same  reasoning  as  that  for  the  summary  plot  (fig.  d,, 
plate  F3)  given  in  the  preceding  paragraph.  Examination  of  the  data  pre¬ 
sented  in  plate  F4  indicates  that  while  the  decrease  in  deceleration  with 
an  increase  in  soil  strength  is  very  small,  the  correlation  is  good  and 
the  curves  adequately  define  the  relation  of  deceleration  and  soil  strength 

within  the  limits  encountered  in  this  program. 

V  \  X 

v'\ 

Prediction  of  Vehicle  Performance 

.  \ 

27.  Although  the  tests  were  not  typical  of  normal  vehicle  operation, 
they  did  furnish  some  data  in  terms  of  average  speed  of  real  vehicles  over 
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sections  (albeit  short)  of  natural  terrain  that  could  be  used  for  compari¬ 
son  with  average  speeds  predicted  by  current  modeling  techniques,  and,  in 
a  sense,  serve  to  validate  the  relations  established  in  this  and  concurrent 
test  programs.  To  this  end,  predictions  were  made  of  the  average  speed  and 
compared  with  the  insured  average  speed  in  52  tests.  Of  the  66  tests, 
data  for  ik  tests  were  incomplete  and  are  not  used  in  this  portion  of  the 
analysis.  The  prediction  techniques  are  described  and  illustrated  by  ex- 
■  ample  in  the  following  paragraphs. 

Pavement -vehicle  relations 

28.  The  WES  analytical  model  for  predicting  cross-country  perform¬ 
ance  of  military  vehicles  begins  with  a  basic  relation  peculiar  to  each 
vehicle  that  expresses  the  maximum  tractive  force  that  can  be  developed  at 
any  speed  on  a  firm,  level  surface  (e.g.  pavement).  The  relation  fcjr  a 
particular  vehicle  may  be  obtained  empirically  by  drawbar  pull-s  and 
motion  resistance-speed  tests  on  a  firm,  level  surface  or  may  be  commuted 
from  engine  performance  data,  taking  into  account  propulsion  system  jLosses. 
The  pavement  data  used  in  these  predictions  are  shown  graphically  in  plate 
F5  and  in  tabular  form  in  table  F5.  The  data  sources  are  indicated  in 

table-F5 . 

Soil-vehicle  relations 

The  next  step  in  the  WES  analytical  model  is  to  establish  the 
effects  of  soil  strength  by  using  the  maximum  drawbar  pull  and  motion  re- 
sistance  values  for  the  vehicle  and  particular  soil  condition.  Ideally, 
these  values  would  be  determined  by  actual  field  tests  on  the  same  soil 
condition  for  which  the  speed  prediction  is  being  made.  Since  this  is  not 
always  practicable,  a  part  of  the  overall  Mobility  Environmental  Research 
Study  (MERS)  program  was  concerned  with  developing  methods  of  predicting 
maximum  drawbar  pull  and  motion  resistance  and  with  exploring  methods  pre¬ 
viously  developed.  In  this  study,  for  the  soil  condition  in  each  area,  the 
maximum  drawbar  pull  and  the  motion  resistance  for  each  wheeled  vehicle 
were  predicted  by  two  methods-identified  herein  as  the  WES  numeric  and  the 
WES  curves.  Predictions  for  the  tracked  vehicle  utilized  only  the  latter 
method  since  the  WES  numeric  at  this  time  is  applicable  only  to  wheeled 

vehicles. 
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30 •  WES  numeric.  The  development  and  use  of  the  WES  numeric  have 
been  described  in  several  reports  ,'>i  and  only  the  equations  are  repeated 
here : 


Cbd  (b\ 
W  *  \h/ 


W  II  -  0.8713 


-  0.02 


'■  ~  £.25 


;.2  +  0. 


where 

K  =  VIES  numeric 

C  =  average  cone  Index  of  0-  to  6-in.  soil  layer 
b  =  width  of  tire,  in. 
d  =  diameter  of  tire,  in. 

W  =  weight,  lb:  in  using  the  equations  in  this  report,  VI  wa.s  ob¬ 
tained  by  dividing  the  gross  weight  cf  each  vehicle  by  the 
number  of  wheels  cn  which  the  vehicle  was  operating 

6  =  tire  deflection,  in. 

h  =  section  height  of  tire,  in. 

P*  =  towed  force,  lb 

P2Q  =  drawbar  pull  at  20  percent  slip,  lb 

l 

Equations  2,  3j  and  4  refer  to  a  single  wheel.  Where  the  computed  values 

P2c/W  and  are  used  in  re'Pcrt  -r-  reference  to  a  specific 

vehicle,  they  are  considered  as  being  equivalent  to  drawbar  null  coeffi¬ 
cient  ( DBP /w )  and  motion  resistance  coefficient  ( ) ,  respectively.  The 
relations  expressed  by  the  VIES  numeric  were  developed  from  tests  cn  lab¬ 
oratory  prepared  soils  of  uniform  strength  and  moisture  content.  More 
recently,  tests  have  been  conducted  at  VIES  to  determine  the  effects  or 
performance  when  the  soil  is  flooded.  Results'^  have  indicated  that  a  b0 
percent  decrease  in  pull  may  be  expected  when  the  surface  of  a  clay  soil 
is  wet  or  flooded.  Since  the  surfaces  of  the  test  areas  ir.  this  study 


were  predominantly  wet  or  flooded,  the  Ppo/w  values  determined  by  equa¬ 
tion  4  were  reduced  by  40  percent  and  are  identified  as  60  percent  drawbar 
pull  coefficient  in  table  Fo.  The  same  reference  indicated  no  reason  to 
alter  the  P  /w  values  as  computed  by  equation  3*  These  are  identified 
as  motion  resistance  coefficients  in  table  F6. 

31.  WES  curves.  The  alternate  set  of  soil-vehicle  relations  used 
to  predict  maximum  drawbar  pull  and  motion  resistance  is  identified  as  the 
WES  curves.  Values  of  maximum  drawbar  pull,  expressed  as  DBP/W  ,  were 
obtained  from  curves  (fig.  F13)  developed  in  reference  6.  These  curves 


Fig.  F13.  Performance  of  tracked  and  wheeled  vehicles  in  the  water- 
land  interface,  fine-grained  soils 


were  derived  from  drawbar  pull  and  slope-climbing  tests  of  wheeled  and 
tracked  vehicles  on  flooded  and  wet  surface  soils,  which  is  essentially 
the  same  surface  condition  that  existed  in  the  tests  reported  herein. 

Values  of  motion  resistance,  expressed  as  MR/W  ,  were  obtained  from  the 
deceleration  relations  given  in  plates  F3  and  F4.  (An  explanation  of  the 
rationale  is  giveh  in  paragraph  35)-  Values  of  both  maximum  drawbar  pull 
and  motion  resistance  as  determined  by  the  WES  curves  for  use  in  these 
prediction^  are  given  in  table  f6. 

32.  Adjustment  of  pavement  performance  curve.  The  DBP/w  and  MR/W 
values  determined  by  each  method  and  a  tractive  force-slip  relation  were 
used  to  adjust  the  pavement  curves  for  effects  of  soil  strength  and  wheel 
or  track  slip  to  determine  tractive  coefficient-speed  and  drawbar  pull 
coefficier.t-speed  curves  on  soil.  An  example  of  this  procedure  is  given 
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Fig.  FlU.  Determination  of  3oii  performance  curve  and  drawbar 
pull  coefficient-speed  relations  for  M35AI  at  site  uV-S-3  .  - 
using  the  WES  curves 


for  the  WES  curves  method  in  fig.  Fl4  and  table  F7 •  In  this  example  the 
maximum  drawbar  pull  and  motion  resistance  values  used  to  adjust  the  pave 
ment  curve  in  plot  a,  fig.  Fl4,  were  determined  from  the  WES  curves  as 
follows : 

a.  The  VCI1  for  the  M35A1  (table  Fl)  was  subtracted  from  the 
average  0-  to  6- in.  soil  strength  for  the  M35A1  tests  at 
site  4V-S-3  (from  table  F4)  to  yield  the  cone  index  points 
above  VCL^  that  is,  6l  -  31  -  30. 

b.  The  maximum  drawbar  pull,  expressed  as  DBP/W  ,  was  read 
at  30  Cl  >WI±  from  the  curves  in  fig.  F13  (<l«v., 

DBP/W  =  0.280  when  soil  strength  is  30  CT  >  VCI^). 

c.  The  motion  resistance  coefficient  was  determined  from  the 


curve  in  fig.  d,  plate  F3,  to  be  0*100  for  a  soil  strength 
of  30  Cl  >  VCI-j^  (see  paragraph  35)  • 
d.  Maximum  drawbar  pull  coefficient  and  motion  resistance 
were  summed  to  give  maximum  tractive  coefficient  on  soil 
(0.280  +  C.100  =  O.380).  The  values  thus  obtained  were 
entered  on  the  tractive  coefficient  axis  as  shown  in  plot 
al  fig.  FlU,  to  limit  the  traction  and  speed  indicated 
«*  by  the  pavement  curve. 

33*  To  account  for  the  loss  of  speed  as  a  result  of  wheel  slip, 
the  speeds  indicated  or.  the  pavement  curve  (within  the  limits  established 
by  soil  strength)  were  reduced  by  the  percent  slip  as  indicated  in  plot  b 
fig.  FlU,  to  yield  the  soil  performance  curve  as  shown  in  plot  c,  fig. 
FlU.  These  computations  are  detailed  in  table  F7*  It  may  be  seen  that 
the  relation  expressed  in  plot  b,  fig.  FlU,  shows  a  20  percent  slip  at 
the  maximum  tractive  coefficient  for  the  M35A1  operating  on  a  soil 
strength  of  6l  Cl  with  a  linear  decay  to  zero  slip  at  the  point  where 
the  tractive  coefficient  equals  the  motion  .resistance  on  pavement  as 
indicated  in  table  F7* 

3U.  The  drawbar  pull  coefficient-* need  curve  (plot  d,  fig.  FlU) 

was  determined  by  subtracting  the  motion  resistance  coefficient 

•  „  . 

(MR/.V  =  0.100)  from  the  tractive  coefficient  of  the  soil  performance 
curve  (plot  c,  fig.  FlU).  The  drawbar  pull  coefficient-speed  curve  is 
the  basis  for  the  acceleration  predictions  described  in  the  following 
paragraphs .  >  • 

Acceleration  predictions 

35.  In  reference  7?  Knight  demonstrates  the  use  of  maximum  draw¬ 
bar  pull  to  determine  the  capability  of  a  vehicle  to  climb  a  slope  and  to 
tow  another  vehicle.  The  predictions  herein  are  based  on  the  considera¬ 
tion  of  drawbar  pull  as  the  force  available  to  accelerate  the  vehicle. 
From  this  basis  the  procedures  for  determining  time,  distance,  and  speed 
for  an  accelerating  vehicle  were  developed.  The  following  example  illus¬ 
trates  the  procedure  for  determining  the  first  increment  of  velocity 

) 

change  on. the  drawbar  pull  coefficient-speed  curve  (fig.  F15) •  The  other 
'  A  r-  q  y  ^  e  V6TC  handled  in  a  similar  manner  (table  F8) . 


Fig.  F15.  Drawbar  pull 
coefficient-speed  curve 
for  the  M35A1  at  site 
^V-S-3  with  the  first  in¬ 
crement  of  velocity  change 
indicated 


-  ^  a^eleration  a  from  to  Vg  equals  the  change  in  ve¬ 

locity  divided  by  the  time  required  to  effect  the  change  ?  :;d 
may  be  expressed  by  equation  1  from  paragraph  18: 

« 

V  -  V 

a  =  _ 1  _  5.75  -'0  _  5^ 

t  ~  t  ~  t 


(V1  and  V2  are  given  in  feet  per  second  in  table  ? 8  for 
each  increment.) 

b.  The_force  F  required  to  produce  this  acceleration  is  equal 

f  a  _ /tt/  \  a  .  . 


-  - 

to  the  hass  (w/g)  of  the  vehicle , times  the  acceleration. 

<5) 

c.  The  fqrpp  available  to  produce  the  velocity  change  from  V, 
to  V^'is  the  average  drawbar  pull  that  can  be  developed  ^ 

from  V  ■  Hh  \T 


from  to  V2. 


/ffi  + 

DBP  =  (  -U - I  =  (. 


=  f  0.280  +  0.260 A  « 

■  'g  I  A  ~ 


2) 


>.2Sow  (6 


F25 


DBP-,  1BP„ 
1  ,  -  £ 


and  -77 —  are  given  ii;  table  ?8  for  each  increment, 

w  1 


d: 


t,  required  for  the  force  available  DBP.  to  ef- 

f'r 


W 

The  t  ime 

feet  the  velocity  change  is  found  by  substituting  the  force 
available  DBP  for  force  required  F  in  equation  5  and 
rearranging: 


D3P-i(-^-1) 


(7) 


Vg  “ Yi  -  -  <>•» 


t  = 

/dbp\ 

\  w  ) 


sec 


g 


e.  The  distance  d  the  Vehicle  travels  in  effecting  the  ve¬ 
locity  change  fror:  V./  to  Vc  is  found  by  multiplying  the 


tine  by  the  average  Velocity  V  : 


Vi 

il  t 


-  0  ♦  ?.7?  .  2-88  ^ 


d  =  Vt  =  2.88  x  0.64  =  1.84  ft 


(8) 

(9) 


*v 


Values  of  Vx  ,rV2  ,  V  ,  DBPj/W  ,  DBPg/W  ,  DBP/W  ,  DBP/W  x 
t  g  ,  t  ,  d  ,  cumulative  time,  and  cumulative  distance  for 
'1  the  example  (fig.  F15)  are  given  in  table  F8.  The  compu- 

1  tation  of  the  effects  of  a  gear  change  while  the  vehicle  is 

accelerating  is  given  in  plate  F6. 

Deceleration  predictions 

\  36.  As  stated  in  paragraph  18,  when  the  acceleration  is  a  negative 

value  (as  when  the  vehicle  is  slowing  down),  it  is  termed  deceleration. 

The  rationale  and  the  method  of  predicting  the  speed  and  distance  traveled 


a  decelerating  vehicle  are  as  follows: 


V, 


— '  "sing  the  basic  equation 

velocity 


\T 

‘1 


VJ 


-  -a  ,  the  change  in  «, 


rom  to  \r2  divided  by  the  tire  required  to  . 


F26 


*3 


\ 


effect  that  change  is  the  deceleration  when  >  V2  • 

The  force  required  to  produce  this  deceleration  is  equal  to 
the  nass  w/g  of  the  vehicle  times  the  deceleration: 


iM 


The  force  available  to  produce  this  deceleration  in  the 
rolling  tests  (braking  force  is  discussed  in  paragraph  37) 
is  the  notion  resistance  MR  •  Substituting  into  equa¬ 


tion  10 


v  -  v 

Again,  from  the  basic  equation  - ‘ —  -a  ,  -a  may  be 

substituted  into  equation  11  and  the  equation  rearranged: 


mi 

•  W  g 

Speed  at  the  end  of  any  increment  of  velocity  change  may  be 
determined  by  the  equation 


V2  -  Vx  +  at 


(a  may  be  either  positive  or  negative) 

When  is  equal  to  zero,  equation  lU  becomes: 


V2/=  at 


-CM 


Or  for  any  time  increment  from  -  0 


V  =  at 


-CM 


•s <#*w: 


At.  example  of  the  computations  for  the  prediction  herein  is 

S’ 

given  in  table  F9. 

h.  The  distance  d  traveled  during  deceleration  was  predicted 
by  the  general  equation  for  distance  while  accelerating  from 
zero  velocity: 


d  =  l/2  at2  =  X  g J  t 


An  example  of  the  computations  is  shown  in  table  F9. 

37.  The  computations  made  to  determine  the  speed  and  distance  trav¬ 
eled  when  the  vehicle  is .decelerating  by  braking  are  identical  to  those  for 
when  the  vehicle  is  rolling  except  that  a  braking  force  is  used  in  lieu  of 
motion  resistance  as  the  force  available  to  decelerate  the  vehicle.  In  the 
predictions  herein,  braking  force  was  assumed  to  be  equal  to  ttie  maximum- 
tractive  force  the  vehicle  could  develop  on  the "soil  conditions  being 
tested.  This  is  admittedly  a  fairly  gross  assumption;  however,  the  Results 
( paragraphs  ko  and  following)  were  reasonable,  arid  the  investigation  of 
braking  force-vehicle-soil  strength  relations  was  beyond  the  scope  6f  this 
study. 

Average  speed  predictions  , 

38.  When  a  section  of  terrain  is  of  sufficient  length  for  the  ve¬ 
hicle  under  consideration  to  accelerate  to  its  maximum  speed  (for  instance^ 
22.39  mph  for  the  M35A1  at  site  UV-S-3»  from  table  F7  or  fig.  F15),  the 
average  speed  is  predicted  by  dividing  the  length  of  the  terrain  section 

by  the  sum  of  the  time  required  for  acceleration  to  maximum  speed,  the  time 
traveled  at  the  maximum  speed,  and  the  time  required  to  decelerate  from  the 
maximum  speed  to  the  desired  speed  at  the  end  of  the  terrain  section.  In 
the  tesl!s  reported  herein,  the  test  courses  were  not  of  sufficient  length, 
for  the  vehicles  to  accelerate  to  maxiiflum  speed;  therefore,  the  average 

ppeed  was  predicted  by  dividing  the  length  of  the  test  course  by  the  sum 

V.'! 

of  the  time  required  to  accelerate  and  the  time  required  to  decelerate. 

1  1  e 

The  tine  required  to  accelerate  and  the  time  required  to  decelerate  are  de¬ 
termined  by  establishing  the  point  of  intersection  at  which  the  speed- 
distance  curves  for  acceleration  ard  deceleration  spian  a  distance  equal  to 


the  test  length.  The  point  of  intersection  is  established  by  the  simul¬ 
taneous  solution  of  the  equations  of  the  lines  representing  the  increments 
of  acceleration  and  deceleration  wherein  the  point  of  intersection  occurs. 
An  example  of  the  computations  made  to  predict  the  speed,  distance,  and 
time  at  the  point  of  intersection  of  the  acceleration  and  deceleration 
curves  and  the  determination  of  the  average  predicted  speed  for  M35A1  in 
test  269  K  are  given  in  plate  F7.  Predicted  average  speeds  for  the  tests  , 
considered  ih  this  portion  of  the  analysis  are  given  in  table  F2.  As  * 
previously  stated,  it  was  not  possible  to  make  a  prediction  for  all  tests. 
(Note  "Remarks"  column  of  table  F2.) 

39-  An  example  of* the  measured  and  predicted  performances  for  M35A1 
test  269  R  is  shown  graphically  in  plate  F8.  It  may  be  noted  in  plate  F8 
that  the  driver  executed  the  upward  gear  shifts  at  speeds  very  close  to 
.those  predicted  as  optimum  for  gear  change.  The  dashed  lines  representing 
the  increments  wherein  gear  shifts  occurred  in  the  actual  tests  are  used  in 
the  plate  because  the  test  data  did  not  permit  an  exact  representation  of 
speed  during  the  1-sec  time  interval  in  which  the  gear  shift  occurred.  It 
also  appears  that  the  0.4  sec  allowed  for  deceleration  during  gear  change 

V* 

may  be  too  small  a  time  increment.  The  measured  average  speed  for  this 
test  was  9.7  mph  and  the  predicted  average  speed  (using  the  WES  curves) 
was  10.1  mph.  A  summary  of  M35A1  performance  data  taken  during  test  269  R 
is  presented  in  table  F10. 

1  Comparison  of  Measured  and  Predicted  Average  Speeds  /' 

Wheeled  vehicles 

40.  A  comparison  of  the  average  speeds  predicted  using  the  WES  nu¬ 
meric  and  using  the  WES  curves  With  the  average  speed  measured  for  the 

,1 

wheeled  vehicle  tests  is  shown  in  plate  F9.  From  the  plate  it  may  be  seen 
that  the  predicted  speeds  were  generally  higher  than  the  measured  speeds,  ^ 
although  in  many  cases  they  were  only  slightly  higher.  Several  reasons 
may  be  advanced  to  account  for  the  predicted  speeds  exceeding  the  measured 
speeds: 

a.  The  hard-surface  performance  curves  (plate  F5)  were  ob¬ 
tained  with  vehicles  in  near-perfect  mechanical  condition. 


1 


{ 

\ 


There  is  no  assurance  that  the  vehicles  used  in  the  tests 

t  •* 

reported  herein  were  operating  at  peak  efficiency,  and  any 

loss  in  efficiency  within  the  vehicle  itself  would  result 
ir.  a  lower  acceleration  capability,  hence  a  lower  average 

* sneed  under  the  conditions  tested., 
b.  The  time  allowed  ( 0.4  sec)  for  deceleration  during  the  gear 
v  change  may  be  insufficient,  and  any  increase  in  tine  allowed 

for  deceleration  during  the  gear  change  would  result  in  a 
lower  predicted  speed. 

It  would  seem  desirable  that  the  scope  of  future  test  programs  of  this 
mature  should  include  tests  to  determine  the  mechanical  condition  and  maxi¬ 
mum  traction  capability  of  the  vehicle  on  pavement  and  that  tests  be  con¬ 
ducted  tc  better  define  changes  in  velocity  that  occur  during  gear  changes. 

tl.  The  deviation  of  measured  average  speed  from  predicted  average 
soeed  for  each  prediction  is  shewn  in  table  F2.  The  average  absexute  de¬ 
viations  for  the  predictions  made  with  the  WES  numeric  and  the  WES  curves 
are  shown  in  the  following  tabulation: 


_ Average  Absolute  Deviation,  nph 

lumber  of  Tests  WES  Numeric _  WES  Curves 


Vehicle 

Roll- 

3rak- 

Total 

Roll- 

Brak¬ 

ing 

'Total 

Roil¬ 

ing- 

Brak- 

Total 

M151 

O 

« 

i 

16 

2.6 

3.3 

3.0 

0.7 

2.1 

1.3 

2 

r\  t> 

2 

w 

2.0 

2.0 

2.0 

1.1 

1.1 

1.1 

I-35A1 

1 

k 

1  i 

]£ 

2.5 

1.7 

1.7 

2*7 

2.1 

_ 

_ 

— 

.  ™ 

All 

IS 

31  u 

2.1 

2.? 

2.4 

1.1 

2.1 

1.5 

It  "an  be  seer,  from  the  tabulation  above  and  from  plate  F9  that  the  pre¬ 
dictions  made  using  the  WES  curve s  were  somewhat  better  than  those  made 
using  the  WES  numeric  for  the  KL51  and  !-37,  a n^.  that  the  predictions  using 
the  WES  numeric  were  slightly  bette^  for  the  M35A1.  It  can  be  seen,  too, 
that  the  deviations  in  predictions  for  the  M51  and  Ii35Al  tests  that  in¬ 
volved  braking  were  greater  than  those  for  the  tests  in  which  the  vehicle 
•’oiled  tc  a  stcr.  The  average  deviation  for  all  wheeled  vehicle  speed 
relictions  was  1.5  nph  using  the  VJES; curves  and  2.4  mph  using  the  WES 


?30 


C 


f 


l 


numeric.  Of  the  31  wheeled  vehicle  tests  for  which  speed  predictions  could 
be  made,  in  20  tests  the  average  speed  predicted  by  using  the  WES  curves 
was  closer  to  the  measured  speed  than  the  prediction  m$de  using  the  WES 
numeric;  in  9  tests  the  average  speed  predicted  using,  the  WES  numeric  was 
closer;  and  in  2  tests  deviation  was  the  same.  In  brief,  from  plate  F9 
and  from  the  tabulation  above,  it  would  appear  that  while  both  the  WES  nu¬ 
meric  and  the  WES  curves  are  acceptable  for  a  first-generation  model,  the 
empirically  derived  WES  curves  yield  slightly  better  predictions. 

Tracked  vehicles 

^2.  A  comparison  of  the  average  speeds  predicted  using  the  WES 
curves  with  the  speeds  measured  in  the  tests  with  the  tracked  vehicles  is 
shewn  in  plate  F10.  ( It  will  be  recalled  that  the  WES  numeric  has  not  at 
this  time  been  extended  to  include  tracked  vehicles.)  From  plate  F10  it 
can  be  seen  that  all  of  the  predicted  speeds  were  higher  than  those  meas¬ 
ured  in  the  tests,  and  there  is  appreciable  scatter  in  the  M29C  data.  The 
factors  mentioned  in  paragraph  40  ir.  regard  to  the  wheeled  vehicles  are 
equally  applicable  to  the  tracked  vehicle  tests  and  predictions.  The 
average  absolute  deviations  in  predicted  speeds  for  the  tracked  vehicles 
are  shown  in  the  following  tabulation: 


_ Humber  of  Tests _ 

Vehicle  Rolling  Braking  Total 


Average  Absolute  Deviation 


M29C  ,,  10  4  14  2.7  3.8 

MU3  5  ■  2  7  1.7  1.6 


Both 


6  21  2.3  3.1  2.6 


It  can  be  seen  that  the  average  deviation  for  the  1-0.13  predictions  was  much 
smaller  than  the  average  deviation  for  the  M29C  predictions.  When  it  is 
considered  that  the  I^C^used  in  these  tests  was  approximately  20  years 
older  than  the  KL13,  these  data  do  seem  to  emphasize  the  need  to  establish 
the  maximum  traction  capability  of  the  test  vehicles  on  a  firm  surface. 


PART  IV:  CONCLUSIONS  AND  RECOMMENDATIONS 

s 

Conclusions 

43.  Based  on  the  analysis  of  the  data  presented  herein  and  subject 
to  the  limitations  imposed  by  these  data,  the  following  conclusions  are 
offered: 

a.  Performance  of  wheeled  and  tracked  vehicles  in  soft  clay 
soils  in  terms  of  acceleration  can  be  related  to  soil 
strength  expressed  as  the  average  0-  to  6- in.  cone  index; 
however,  the  data  secured  in  this  program  do  not  permit 
defining  the  relation  (paragraphs  2Lffii  22). 

b.  Performance  of  wheeled  and  tracked  vehicles  in  soft  clay 
soils  in  terms  of  deceleration  can  be  Correlated  empirically 
with  soil  strength  expressed  as  the  average  0-  to  6-in.  cone 
index.  While  the  data  collected  in  this  program  do  not  per¬ 
mit  a  complete  development  of  the  relation,  logical  extrapo¬ 
lations  can  be  made  (paragraphs  25  and  26) . 

c.  While  both  the  empirical  WES  curves  and  the  semiempirical 
WES  numeric  appear  to  adequately  define  the  drawbar  pull 
coefficient- soil  strength  and  motion  resistance-soil 
strength  relations  for  use  in  a  first-generation  model  the 
WES  curves  permitted  a  slightly  more  accurate  prediction  of 
average  speed  for  the  tests  reported  herein  (paragraph  4l). 

I  -» 

Recommendations 

•  ^ 

44  .  j  It  is  recommended  that : 

1  a.  Additional  studies  be  conducted  to  improve  and  extend  the 

/  relations  presented  in  this  report. 

b.  Additional  studies  be  conducted  to  establish  other  relations 

and/or  input  parameters  needed  for  the  WES  analytical  model 

such  as  are  posed  by  the  following  questions. 

(l)  What  is  the  peak  performance  of  the  vehicle? 

/  # 

F32 
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(2)  Does  time  required  to  shift  gears  vary  with  trans¬ 
mission  type  and  vehicle,  and  if  so,  to  what  magnitude? 

(3)  Does  braking  force  vary  with  speed,  with  soil  strength, 
or  with  surface  condition,  and  to  what  magnitude? 

(4)  At  what  limiting  slip  can  the  driver  still  maintain 
adequate  control  of  the  vehicle,  and  does  this  vary 
with  speed? 
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Pertinent  Vehicle  Characteristics 
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VCI  =  the  minimum  soil  strength  required  for  a  vehicle  to  complete  one  pass  on  a  level  surface. 
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Table  F7 


\ 


I 


T» 


%• 


Determ ina 

tion  of  Soil'  Performance  >Curve 

for  M35A1  at  Site 

4V-S-3 

* 

4  * 

Tractive 

Hard  Surface 

Slip# 

Speed  on 

Drawbar 

Coefficient* 

Speed,*  mph 

»  - 

Soil,  mph 

Coefficient 

0.649 

,  c.o 

'l  , 

0.6^9 

2.5 

■' : 

*- 

0.582 

7  3.5 

* 

{ 

0.473 

_ •  .4.5 

*> 

> 

.  0..  380+ 

4.9  • 

20.00 

3.92 

0.280 

0.365 

5,0  * 

19.14 

4<.o4 

•0.265 

-  0.355^- 

'  '  .  5.5 

18.56 

4.48 

0.255 

O.3I9 

6.5 

16.50, 

•  1  5.43 

0.219 

,  |  0.278 

7  7.0 

•  ‘  14.14 

6. pi 

0.178  ’ 

.  0.'227> 

8.0’  - 

■4 

11.21 

7.10 

0.127 

0.221 

915'  r”- 

6  10.86  7 

*  8.46 

0.121 

■  0.177 

^-13.0  . 

8.33 

11.91 

0.077 

•.  0.162 

14.0 

'  7.47 

12.95' 

0.062 

0.141  '  ' 

14.2  . 

6.26 

13.31 

0.041-  . 

0.132 

'  17.5 

5.75 

16;  49 

0.032 

0.100*+ 

23.3 

3.91 

22.39  • 

< 

0.000 

'  0.093 

?5.0 

■  / 

4* 

0.072 

29*0 

6.066 

'  34.6 

■  0.051 

40.0  ’ 

• 

0.049 

46.5" 

\ 

0.047 

49.5 

,  ( 

M 

* 

o.o4i  ■ 

53.0 

.  ] 

c.036 

57.^ 

t 

. 

0.032*  -. 

.  60. 0, 

1 

• 

• 

it* 


+ 

■ - ;  ■  ■ 

From  table' F5. 

'  ft  ' 

Fro: 

..  .  TC  -  0.032 

r\iig.  "L^>  sllp  *  0.017U 

♦ 

DBF 

+ '  ^  from  table  F6. 

♦t 

W 

MR 

from  talble  F6. 

*V 

a' 

I® 

ji 

on  pavement  from  table  F5. 

Example: 

fpeed  on  hard  surface  -  slip  =  speed  on  soil 


/ 


/ 


Table  F3 


Ccn; 

mutation  of  Predicted 

Acceleration  Data  for  M75A1  at  3 

ite  l* **V-3, 

„ 

- 

* 

\ 

Cumu¬ 

Cumu¬ 

V1 

V2 

V 

DBP2 

DBF2,  - 

DBP 

(]* iV. 

Time 

(t) 

Distance 

(d) 

lative 

Time 

lative 

Distance 

V2 

fps 

fps 

fps 

v» 

— ~ 

W 

sc*c 

ft 

SE?C 

ft 

mph 

0.00 

5.75 

■  ' 

2.88 

0.280 

0.280 

0.280 

1. 00 

0.61* 

1.81* 

0.61* 

•  1.81* 

7.6*2 

5.75 

5.93 

5.81* 

0.280 

0.265 

0.272 

8.75 

0.02 

0.12 

0.69 

1.96- 

4.0*4 

5.93 

6.57  ' 

6 .25 

0.26  5 

*0.25" 

0."X0 

A.y 

0.0? 

n  rQ 

0.7't 

2.96 

2.1*  3 

5 

.5.1*3 

<•57 

'7.96 

7.26 

0.25r 

0.219 

r~"'  , 

0.237 

'  '  f 

0.1 3 
l 

1.21 

'0.92 

3.77 

7.96 

e.81 

8.38 

0.219 

0.178 

C.108 

,*.07 

0  1  } 

1.0O 

1.0? 

2.°6 

''.01 

8.9l 

10.1*1 

9.61 

0.173 

0.127 

0.152, 

It  • 

C  *  7 

.  ' .  1" 

1.  s 

t~ 

7.10 

10.1*1 

9.12* 

9.77 

— 

— 

0.100 

■  22 

*^.1*0 

°.91 

1.7.3 

1 1  .  r*2 

6 . 22  ’ 

<9.12 

10.1*1 

9.77, 

— 

0.127 

0.127 

•';.o3 

0.32 . 

3.12 

2.10 

1  .0' 

7.10  . 

lO.Ul 

12.1*1 

11.1*1 

0.127 

0.121 

0.121* 

3.9*' 

0.50 

".70 

T.'O 

20.76 

*  3,1.0  “ 

12.1*1 

17.1*7 

1 

1U.9I* 

0.121 

0.077 

0.099 

7.18 

-  1.59 

r 

23. "5 

2.19 

M. .  1 

11. "I 

17.1*7 

18.99 

18.23 

0.077 

0.062 

0.07Q 

2.25 

0.02 

12.90 

•'*.37 

•  .91 

C 

1C..4 

18.99 

17.70“ 

18.3I* 

—  * 

— 

0.100 

1 

3.22 

■9.-0 

\  .7.2,1* 

5  £7 

fh .  rr 

11.91 

17.70 

18.99 

18.3I*, 

— 

0.062 

0.062 

1.99 

0.65 

11.92  ' 

■  .92  ' 

•7.17 

12.95 

| 

18.99 

19.52 

19.26 

0.062 

0.0U1 

0.052 

1.67 

0.«.; 

6.16 

r.p’i 

i 

19.52 

2U.18 

21.85 

0.01*1 

0.072 

0.036 

1.1' 

1..02 

87.  il* , 

10. 26 

1/0.17 

2l*.l8 

32.84 

28.51 ' 

0.032 

C.000  , 

0.01*' 

_  0.51 

16.98 

1*81*.  10 

27.75 

/'  f  J.  .£7 

rr«’394’ 4 

*7 

/ 


Uote : 

V  =  speed  at  beginning  of  increment  j 

|  Converted  to  feet  per  second  from 

Vg  =  speed  at  end  of  increment  | 

|  SLL-speed  carve,  fi  •.  '15.  ar.d  table  F  . 

—  .  * 

V  =  average  speed  for  increment 

n  ,  , 

DBP: 


-  =  maximum  drawbar  Dull/weight  at  speed  V 
w  '  1 

DBP 

—  =  maximum  drawbar  pull/weight  at  speed  V_ 
w  c- 


Equations : 


DEPj  DBP'2 


DBF  _  _W_ 

w 


*  Gear  change,  see  plate  F6. 

**  Gear  charge . 
t  Point  A,  plate  F7. 

„tt  Point  B,  p^ate  F7. 


F rom speed  cur/e,  Pi's 
and  tan  le  . 


V  -  V 
2  1 


UFP 


v  g 


d  =  7t 


i 


0 

1 

2 

3 

4 

5 

6 
7 

3 

9 

1.0 


0 

0.100 

0.100 

0.100 

0.100 

0.100 

0.100 

0.100 

0.100 

0.100 

0.100 


Example :  “  .  ■ 

For  Speed  at  5  Sec 


(f)« 

Speed 

M  rrmVl 

Distance 

ft 

Test 

Length 

ft 

Distance 

from 

Beginning 
of  Test,  ft 

ft  /sec 

0.000 

3.216 

3.216 

3.\2l6 

3.216 

0.00 

3.22 

6.43 

9-65 

12.86 

0.00 

2.19 

4.39 

6.59 

8.77 

0.00 

1.61 

6.43 

14.47 

25-73 

270.3 
270.3 
270.3 
270.3 
,  270.3 

270.30 

268.69 

263.87 

255.83 

244.57 

3.216 
3.216 
3.216 
3. -216 
3.216 
/  3.216 

16.08 
19.30 
22.51 
25.73 
28. 9U 
32.16 

10.96 

13.16 

15.35 

17.54 

19.73 

21.93 

40.20 

57.89 

78.79 

102.91 

130.25 

160.80 

270.3 

270.3 

270.3 

270.3 

270.3 

270.3 

230.10 

212.41 

191.51* 

167.39** 

140.05 

109-5.0 

* 

For  Distance  at  5  Sec 


V  =  at 

-I-2 

v  -  (f  *  •> 

v  =  3.216(5)  .  \- 

d  =  i  (3.216 )(5)2 

v  =^16.08 

d  =  40.20  ft 

• 

16.08  fps  =  11.0  mPh 

270.3  -  40.20  =  230.10  ft  from  beginning  of- test 

I 


*  Foint  C,  plate  F7. 
*-*  Foint  D,  plate  F7. 


Table  F10 

Summary  of  M35A1  Performance  Data  for  Test  269  R 


Time, 

sec 

Distance , 

ft 

Start  of 
Increment 

End  of 
Increment 

Start  of 
Increment 

End  of 
Increment 

Average  Speed 
fps  mph 

0 

1 

0.0 

3-6 

3.6 

2.5 

1 

2 

3.6 

13.3 

9.7 

6.6 

2 

3 

13.3 

23.8 

10.5 

7.2 

3 

4 

23.8 

36.7 

12.9 

8.8 

4 

5 

36.7 

52.8 

16.1 

11.0 

5 

6 

52.8 

71.1 

18.3 

u  1.2.5 

6 

7 

71.1 

91.1 

20.0 

13.6 

0 

7 

8 

91.1 

110.7 

19.6 

,  13.0 

8 

9 

110.7 

131.4 

20.4 

13.9 

9 

10 

131.4 

152.4 

21.3 

14.5. 

10 

11 

152.4 

174.6 

22.2 

15.1 

11 

12 

174.6 

197.1 

22.? 

3.5.3 

12 

13 

197.1 

217.6 

.  20.5 

14.0 

13 

* 

14 

217.6 

►  234.6 

17.0 

11.6 

14 

15 

234.6 

247.3 

12.7 

8.7 

15 

16  • 

247.3 

257.2 

/ 

9.9 

6.7 

16 

17 

257.2 

264.3 

* . -7.1 

'4.8 

17 

18 

264.3 

268.7 

4.4 

3.0 

18 

19 

268.7 

270.3 

1.6 

1.1 

/ 


I 


/ 

• 

3* 

•4 

•* 

-  - 

,40 

,3°0»0 

!0oOlt 

s®  8* 

•  07 

1 

- 

a.  MISI 


WHEELED  VEHICLES 

_ l _ 


PLATE  FI 


I 

I 

+ 

I 


AVtftACC  ••  TO  I*  «•  COdl  INHI 


PLATE  F3 


CONK  INDIA  POINTS  ABOVE  VC  I, 


d  SUMMARY 


L£6CND 


OPEN  SYMBOLS  *N  01  CATC  BA  Of  SUftPACCS 
0"‘” 

NUMMM  DtM  PLOTTCO  JOINTS  AM 
COM  NUMKM  r*OM  T»K[I  ft  AND  M 


DECELERATION  RELATIONS 
FOR  WHEELED  VEHICLES 


AVERAGE  OECELERATION/CRAV.'TY 


1 

1 

1 

T 

§o 

nS3 

.44 

- 1 

1 

.  \ 

1 _ L_ 

si 

l  _ 

M 

!•  ... 

4  7* 

1  .  ....  .. 

n»  »  *  !■  ‘ - * * - ■ —  - 

0  lO  20  30  40  SO  to  TO 


a  M29C 


CONE  INDEX  POINTS  ABOVE  VCI, 


c.  SUMMARY 


LEGEND 

OPEN  SYMBOLS  INDICATE  BARE  SURFACES 
CLOSED  SYMBOLS  INDICATE  GRASS - 
COVERED  SURFACES. 

HUNGERS  NEAR  PLOTTEO  POINTS  ARE 
COOE  NUMBERS  FROM  TABLES  F 2  AND  F4. 


DECELERATION 
RELATIONS  fOR 
TRACKED  VEHICLES 


¥  0 


COMPARISON  OF  MEASURED 
AND  PREDICTED  PERFORMANCES 
M3iAI,  SITE  4V-S-3,  TEST  269  R 


- 1 

V 

1*0 

,,Q°V4 

s  ' 

/ 

/  >“ 

/  °l«ANOI7 

/  *«* 

/ 

l°°li  O7 

0 

f 

I  I  16 


Q-  MI5I 


Z 

Ok 

C 

J 

59 

0,e  .Z-  /  ! 

16  AND  1 7 -£V 
is 
12/ 

«5 / 

\\<3y 

/ 

4  8 

2  16  21 

Y- 

i 

j***4 / 

yA - /< 

} 

/  A*i 

z 

• 

/ 

£ 

•—  /  ! 

Z 

8  12  16 


fc.  ¥3? 


40n 

4So 

044  yZ 

/Z 

t:f 

z 

i  0  4  S 

MEASURED  AVERAGE  SPEED,  UPH 

c.  M35AI 


NOTE'  SMALL  NUMBERS  NEAR  PLOTTED 
POINTS  ARE  CODE  NUMBERS 
FROM  TABLE  E2 


COMPARISON  OF  PREDICTED 
AND  MEASURED  AVERAGE 
SPEEDS  FOR  WHEELED  VEHICLES 


COMPARISON  OF  PREDICTED  AND 
MEASURED  AVERAGE  SPEEDS 
FOR  TRACKED  VEHICLES 


DISTRIBUTION  LIST  FOR  TR  3  763  APPENDIX  f 


No  of 

Address*  _ _ _  Copies 


Array 

Chief  of  Engineers,  Dcpstment  of  the  Array,  Washington,  D  C.  20314 

ATTN  ENGSA  2 

ENGME  1 

ENGME  M  2 

ENGME  S  •  1  >1 

Chief  of  Research  and  Development  Headquarters  Department  of  the  firm y,  3  copies 

Washington.  D.  C.  20310  „ 

ATTN  Director  of  Army  Technical  Information  #  1473 

Assistant  Chief  of  Staff  for  Force  Development,  Department  of  the  Ann y,  V/adiington,  D.  C.  20315  1 

ATTN  FOR  DS  SSS,  The  Pentagon 

Secretary  of  Defense,  Washington,  D.  C.  20315  4 

ATTN  ARP  A/ AGILE,  The  Pentagon 

Commanding  Officer, .  Defense  Intelligence  Agency,  Washington,  D  C.  20301  1 

ATTN:  DIAAP-1E 

Commanding  General,  U.  S.  Array  Materiel  Command,  Washington,  D.  C,  20315  2 

ATTN:  AMCRD-RV-E 

/ 

Commanding  General,  U.  S.  Army  Tank-Automotive  Center,  Warren,  Mich.  42090  '  2 

ATTN:  AMSTA-BSL  s. 

Commanding  General,  U.  S.  Army  Natick  Laboratories,  Natick,  Mass.  01760  2 

ATTN:  AMXREED  (Dr.  L.  W.  Trueblood) 

Commanding  General,  U.  S.  Army  Topographic  Command.  Washingtbn.  D.  C.  20315  1 

Commanding  General,  U.  S.  Army  Forces  Southern  Command,  Fort  Amador,  Canal  Zone  1 

ATTN:  Engineer 

Cora mandu*j  General,  U.  S.  Army  Electronic  Proving  Ground,  Fort  Huachuca,  Am  £5613  '  1 

ATTN:  Library 

Commanding  General,  U.  S.  Continental  Army  .Command,  Fort  Monroe.  Va.  23351  1 

ATTN:  Combat  Development  (ATSND) 

Commanding  General,  U.  S.  Contmental  Army  Command  Engmeering  Division,  DCSLOG,  1 

Fort  Monroe,  Va.  233S1 
ATTN:  ATLOG-EMB 

Commanding  General,  U.  S.  Army  Weapons  Command,  Rock  Island,  111.  61201  1 

ATTN:  AMSWERDR 

Commanding  Officer,  Special  Warfare  Agency  '1 

Fort  Bragg,  N.  C  22307 

Commanding  Officer,  U.  S.  Army  limited  War  Laboratory,  Aberdeen  Proving  Ground,  Md.  21005  1 

ATTN:  Development  Engineering  Division 

Director,  OSD/ARPA  RAD  Field  Unit,  APO  San  Francuco  96346  '■  35 

Director,  OSD/ARPA  Regional  Field  Office.  ARMISH-MAAG  (RFO  I).  APO  New  York  09205  1 

Director,  OSD/ARPA  RAD  Field  TJmt,  APO  S*i  Francuco  96243  2 

V 


*  Addressees:  please  notify  U.  S.  Army  Eiupneer  Waterways  Experiment  Station,  Vicksburg,  Miss.  39180,  of 
any  change  in  address. 


No  of 
Copies 


Army  (Continued) 

Commmdnq  Offfcer  U  S.  Army  Combat  Developments  Command  Experimentation  Cents 
Fort  Ord,  Calif.  93941 

Commanding  Officer.  U  S.  Army  Rock  Idand  Arsenal,  Rock  Idand.  a.  61201 

Commmdmg  Officer  U.  S  Army  Aviation  Materiel  Laboratory.  Fort  Eustis.  Va.  23604 
ATTN  OSMFE  ES  (Mr  H.  P.  Simon) 

Com  maiding  Offfcer  U  S.  Army  Mobil  ty  Equipment  Research  and  Development  Center 
Fort  Bdvox  Va  22060 
ATTN  Technical  Documents  Cents.  EJdg  315 

Commands.  U.  S.  Military  Asistance  Command,  APO  San  Francisco  96346 

Commmds.  U  S  Army  Combat  Development  Command  Entries  Agency.  Fort  Beivoir,  Va.  22060 
ATTN  CSGEN-M 

Commands,  Pkatmny  Arsenal.  Enpnes  Research  Sectioa,  Dovs,  N.  J.  07801 
ATTN  Ammunition  Research  Laboratory 

Commandant.  U.  S.  Army  Empties  School.  Fort  Bdvoar.  Va.  22060 
ATTN  Library 

Commandait,  Armed  forces  Staff  College,  Norfolk.  Va.  23511 
ATTN  Library 

Commandant.  U.  3  Army  Signal  School.  Fort  Monmouth,  N.  J.  07703 
ATTN  Library 

Commandant,  U.  S.  Military  Academy.  West  Point.  N.  Y.  10996 
ATTN  Library 

Commandant.  Command  and  Gensal  Staff  College .  Fort  Leavenworth.  Kans.  66027 
ATTN-  Archives 

Director.  U.  S.  Army  Development  and  Proof  Services.  Aberdeen  Proving  Ground.  Md.  21005 
ATTN  Technical  Library 
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